Abstract
I. Introduction
Great attention has recently been paid to a development of a new generation of solid oxide fuel cells.
The new generation of SOFC should be able to operate at much lower temperatures with rather high efficiency, as compared to currently developed ones. Therefore there is a demand for new materials which will fulfil the necessary conditions for the above said application. In addition, the materials should be less expensive, and produced by application of low cost technologies, including starting powders production. In order to be able to develop the compositions with high ionic conductivity which is needed for good electrolyte, many problems have to be solved starting with the powder synthesis [1, 2] .
The major objective of this paper is to present a short review of our results on highly effective and simple procedures [3] [4] [5] [6] [7] [8] [9] [10] for synthesis of nanopowders that are good candidates for SOFC components. Since CeO 2 is known for its high ionic conductivity at lower temperatures, it is one of the most promising candidates to be used as an electrolyte. Many dopants, such as rare earth cations, show extended solid solubility in ceria lattice along with increasing ionic conductivity of CeO 2 . On the other hand, doped Ce-manganites, as well as Ba-cerates, as a new generation of materials for future SOFC are also very attractive. We synthesized many different powders with perovskite type crystal structure (manganites and cerates) were produced, containing cation dopants on A as well as on B sites. Sintering tests were performed and these results are discussed, too. In addition, electrical properties for some of the sintered compositions are presented.
II. Experimental

SPRT -method
Self propagating room temperature synthesis (SPRT), used for preparation of different solid solu- 10 Nd 0.10 O 2-δ ) was described in detail in our previous paper [3] . Starting reactants used in the experiments were cerium nitrate (Merck), yttrium nitrate (Alfa Aesar), neodymium nitrate (John Mathey) and sodium hydroxide. All used nitrates were in the form of hexahydrates. Amounts of nitrates and NaOH were calculated according to the nominal composition of the solid solutions. The chemicals were not milled. Hand-mixing was performed [3] in alumina mortar for 5-7 min until the mixture got light brown. After being exposed to air for 3 h, the mixture was suspended in water. Rinsing of NaNO 3 was performed in centrifuge -Megafuge 1.0, Heraeus, at 3200 rpm, for 10 min. This procedure was performed three times with distilled water and twice with ethanol.
MGNP-method
Modified O 3 ) was described in detail in our previous paper [4] . Starting chemicals used for the synthesis of the powders were aminoaceteic acid-glycine, (Fischer Scientific, USA), metallic acetates (Mn, Ba) and nitrates (Ce, La, Y, Nd, Gd, Sm), produced by Aldrich, USA. All nitrate solutions were previously prepared and the cation concentration (in mg/ml) was determined by gravimetry. On the basis of these data, the portions of prepared solutions were taken according to previously calculated composition of the final powder. Synthesis was carried out in a stainless steel reactor in which all reactants dissolved in distilled water were added according to previously calculated composition of the final powder. We used nitrates in the form of solutions, and acetates in the as received form [4, 5] . Glycine was also added in the as received form. The reactants were heated on a hot plate up to about 540 °C, until the evolution of the smoke terminated. As a result of modifying glycine/nitrate process (GNP), the reaction proceeded very smoothly. Therefore almost no loss in the synthesized powders quantity was observed. The experimentally obtained amount of powder was very close to the theoretically calculated one, 96-99%. For practical reasons it is very important to outline that the quantity of chemicals was designed to synthesise 100 g of powder per run (in 30 min), which is according to our knowledge among the largest scale produced by this method so far. Since the evaporation was not intense during the experiment, the amount of powder produced per run can be even larger if the size of reactor would increase. The obtained ashes were afterwards calcined depending on the composition, at temperatures 800-1050 °C, for 2-4 hours.
Processing of bulk ceramics
The synthesized powders were ball milled in ethanol with zirconia grinding media for 24 h and mean particle size was determined by "Horiba" laser particle size analyzer, using ethanol as dispersing fluid. Powders granulated with 5 wt.% of polyethylene glycol as a binder, were compacted by uniaxial pressing under 50 MPa and thereafter cold isostatic pressing under 200 MPa was applied. The burn out of the binder was accomplished under vacuum at 450 °C. Sintering was performed in the air in the temperature interval between 1100 °C to 1550 °C for 2 h at a heating rate of 4 °C/min up to 1000 °C and 2 °C/min up to sintering temperature.
Characterization
The dried and calcined powders were analysed by applying X-ray diffraction (XRD, Siemens D-5000), scanning electron microscopy (SEM, Zeiss DSM 982 Gemini), Raman spectroscopy (Jobin-Ivon monochromator) and specific surface area measurement (BET). Lattice parameters and crystallite size were obtained using PowderCell 2.4 program. Chemical analysis of dopants concentration was carried out by EDTA titration to check the difference between the nominal and true compositions of solid solution powders. To follow the reaction path, differential thermal analysis (DTA) and thermogravimetry (TG, Netzsch STA 409) were performed in air atmosphere, at heating and cooling rates of 5 °C/min. Sintered densities were measured by Archimedes method in hexane. Electrical dc-resistance was measured by the four-point method in the range from 25 to 900 °C using "Agilent" multimeter. Resistance value vs. temperature was monitored after stabilisation.
III. Results and discussion
SPRT -reaction development
SPRT procedure is based on the self-propagating room temperature reaction [3] between metal nitrates and sodium hydroxide, and in the case of the doped ceria solid solution the reaction can be written as follows:
During heating of the reacting mixture of cerium nitrate, yttrium nitrate and NaOH weight loss started at 50°C as can be seen on TG curve (Fig. 1) . Simultaneously with the observed effect, the rate of weight loss starts to increase (DTG curve) followed by endothermic effect, as found earlier [3] . The maximum reaction rate at 160 °C ( Fig. 1 ) coincides with the termination of the heat release [3] . This indicates that the reaction is initiated by the rapid, strong heat release, developing easily afterwards.
However, from Fig. 2 it is clear that reaction is taking place via three intermediate steps, as DTG curve shows three peaks, which means that each endothermic effect is accompanied by definite mass loss connected with the loss of chemically bound water molecules from nitrates [3] . Weight loss terminates at 300 °C, at this point cerium nitrate hexahydrate was completely converted into ceria after a gradual loss of crystalline water (Fig. 2) . Extremely low reaction temperatures indicated that by introducing mechanic energy into the system, reaction would, also be easily initiated also. That is why hand mixing was performed.
XRD of final reaction product if cerium nitrate, neodymium nitrate and NaOH were mixed together is given in Fig. 3 [1, 4, 5] . This pattern revealed the characteristic peaks of Ce 0.90 Nd 0.10 O 2-δ . The previously mentioned reaction steps, however, could be observed only with the non-homogenised mixture in which the reaction proceeds at much lower rate compared to homogenized mixture (Fig. 4) . To make the reaction steps to be obvious, two substances Ce(NO 3 ) 3 ·6H 2 O and NaOH, were brought into contact and just allowed to react for 24 h. In the X-ray pattern of this sample (Fig. 4) , the diffraction lines of final reaction products CeO 2 and NaNO 3 were detected, along with intermediate reaction products that are mainly Ce-nitrates with lower number of crystalline water molecules. These results are in agreement with the ones in Fig. 2 .
Raman spectroscopy was performed at room temperature to prove the formation of solid solutions. In Fig. 5 Raman spectra of pure CeO 2 and solid solution powders are presented. The solid solutions retain cerium fluorite structure without the Raman modes of pure dopant oxides. The shift to lower energies of the main F 2g Raman mode from 465 cm -1 (in bulk) to 454 cm -1 (CeO 2 sample) and its asymmetrical broadening indicate the strong phonon confinement effect in these nanopowders. In doped samples this mode is red or blue shifted regarding the CeO 2 nanostructured sample, depending on the dopant ionic size. Additional Raman mode at 599 cm -1 in pure ceria nanopowder [6] [7] [8] originates from intrinsic oxygen vacancies due to the powder's nonstoichiometry while the appearance of a new Raman feature in doped samples at 454 cm -1 is due to the extrinsic O 2-vacancies in fluorite structure in order to keep charge neutrality when Ce 4+ ions are partly replaced with Nd 3+ (Y 3+ ) ions. From the Raman spectra it can be concluded that we are not dealing with simple mechanical mixtures of oxides, but with their solid solutions. In addition to Raman spectroscopy results, lattice parameters dependence on dopants concentration was obtained and found to obey Vegard′s law, proving that solid solution were synthesized indeed [3] .
Specific surface areas, crystallite size, particle size, true composition and sodium content after washing of the synthesized powders are given in Table 1 [3] . Crystallite size was obtained on the basis of XRD data, while the particle size was measured from SEM images (Fig. 6) . 
MGNP -procedure
Glycine-nitrate process is based on the self-combustion of the glycine and nitrate mixture (Me ) their selective precipitation prior to ignition (after the water had been evaporated) is prevented. The reaction is, as mentioned, very intense and needs to be controlled. There are different possibilities to control the reaction rate, and thereby the reaction temperature in order to obtain finer particles and larger specific surface area.
We modified [4, 9, 10 ] the original GNP procedure [2] by replacing partially as discussed above, nitrates by acetates. Acetates are water soluble, and are less expensive compared to nitrates of the same purity. To prove the difference between powders obtained by GNP and MGNP we synthesized CaMnO 3 by both procedures. Xray patterns of the two ashes [4] showed as the only difference the fact that CaMnO 3 ash obtained by GNP was better crystallised. This is due to higher temperatures developed during GNP as compared to MGNP. However, better crystallised powder due to faster growth of crystallites resulted in decreasing of specific surface area. By applying MGNP method we managed to produce different powders with more than one dopant cation, of very precise stoichiometry and with nanometric particle size. Most of the ashes that are obtained immediately after synthesis were partially amorphous. How- Fig. 7 is given for Y-doped CaMnO 3 . The XRD patterns of all powders look similar to each other, despite the different amount of dopant. However, a slight difference of peak widths as well as the shifting of the peaks toward lower angles with increasing dopant amounts can be observed. This indicated the existence of solid solution (Fig. 7) . Microstructure size-strain analysis showed both crystallite size and crystallite strain increase with dopant insertion into perovskite structure. In cerate group of powders (calcined at 1050 °C for 4 h) specific surface area almost does not change neither with cation type nor with the dopants con- centration, although the concentration of dopants was doubled (the samples 8 and 10, Table 2 ). It seems that with increasing calcination temperature specific surface area decreases drastically, and all other factors influencing specific surface area are masked. Chemical analysis data (Table 2) show excellent agreement between designed and true composition of all synthesized powders. Lattice parameters were calculated for all the calcined powders. The results are presented in Fig. 8 as the dependence of lattice parameters on dopants concentration (x), as well as, in Fig. 9 , lattice parameters obey Vegard's law as shown in Fig. 8 . The same was found for lattice parameter dependence on Gd concentration in Ba-cerates. Data in Figs. 8 and 9 are very important since phase diagrams are not always known, for they prove, too, that single phase powders were obtained in the investigated concentration range. SEM and TEM analyses were performed for manganites and cerates, respectively.
Ca-manganite particles were less than 50 nm in size, which is illustrated in TEM image presented in Fig. 10 for Ca 0.8 Y 0.2 MnO 3 powders obtained after calcining at 800 °C for 4 h. Insert picture in the upper right side shows the typical electron diffraction image of the nanocrystal surface which appears disordered, or even amorphous. This matches the XRD results, where short-range order of nanoparticles exhibits diffraction patterns with pronounced X-ray peak broadening [9, 10] . On the other hand, the size of particles of BaCe 0.9 Gd 0.1 O 3 after calcinations at 1050 °C for 4 h lies in the range of 80-100 nm. It is also obvious from Fig. 10 , that cerate particles have already been sintered during calcination, which is in accordance with the results obtained for the specific surface area (Table 2) , contrary to managanites particles that are calcined as mentioned, at much lower temperature.
Sintering of calcium manganite powders
Green densities of the compositions studied are given in Table 3 [7] . Optimum sintering temperatures were determined experimentally for each composition in the range from 1000-1550 °C. Optimum sintering temperature was considered the one at which highest density was achieved and these data together with sintered densities and the difference between sintered and green densities [7] are summarized in Table 4 .
Since specific surface areas and particle size do not differ too much, sintered density values indicate that increasing Y concentration enhanced densification of Ca-manganite [7] . The density data obtained at 1150 °C for all the Y containing solid solutions show clearly that sintered density increases with increasing Y content in the solid solution. However, the La addition affects the increase of the sintering temperature of Ca-manganite, especially in the presence of Ce ions whereby the densification degree dropped. In spite of relatively high specific surface area of these samples, sintering temperature turns to be the highest. The in- fluence of dopants concentration on the densification during sintering can be discussed only in the case of Y containing samples. Namely, with increasing Y 3+ ions in the lattice of CaMnO 3 on A site, cation vacancies are created [7, 9] . For two Y 3+ ions introduced into the lattice on A site instead of Ca 2+ , one cation vacancy is formed for charge compensation. Increasing cation vacancy concentration is not relevant for the increased densification degree, since the rate determining step is oxygen diffusion. However, bearing in mind the case when cation vacancies are dominant lattice defects in the bulk, the grain boundary charge is expected to be positive [12] and would be responsible for enhanced oxygen diffusion along the grain boundaries. This assumption implies that the grain boundary diffusion may be the dominant mechanism of mass transport during sintering, causing densification [7] . This may well be accepted in our case, since we are dealing with nanosized powder particles. In this case the fraction of the grain boundaries in the samples being sintered is extremely high. With introducing La 3+ at A site the same situation as described above, as far as point defects are concerned appears. On the other hand in the case of co-doped sample some free ceria was detected as mentioned, and the influence of dopants on densification cannot be discussed on the basis of the results obtained [7] .
SEM micrographs of sintered samples are presented in Fig. 11 [7] . It can be seen that the densities of undoped and Y doped samples achieved high degree, while in La doped samples considerable fraction of closed porosity can be observed. The pores are located both between and within the grains. In addition, it is obvious, that by doping CaMnO 3 grain growth process is largely affected. Both dopants, La and Y, suppress grain growth, which is especially outlined in Y containing samples. On the basis of these results it is obvious that Y cations promote densification, as well as, formation of fine grained microstructures, that is important for the properties, like electrical conductivity, given in Fig. 12 .
The effect of doping and the electrical conductivity temperature behaviour of different CaMnO 3 based compositions can be seen in Fig. 12 [7] . The obtained results clearly show that both La and Y doped compositions, exhibit high electrical conductivity, both at room and high temperature, being in the range from 3.2·10 
IV. Conclusions
A short review of our recent results on the synthesis of nanosized CeO 2 , CaMnO 3 and BaCeO 3 solid solutions is presented.
During self propagating room temperature synthesis (SPRT) the reaction proceeds via several intermediate stages due to the stepwise release of crystalline water from nitrate. The reaction steps, however, develop very fast and cannot be observed in the reacting mixture. On the basis of Raman spectroscopy studies it was shown that the solid solutions of Ce 1-x Me x O 2-y with one and two dopants can be synthesized by SPRT. It should be emphasized that:
• The reaction starting at room temperature is much less energy consuming in comparison with other methods of powder preparation; • Single phase nanopowders are obtained in a very short time near the room temperature; • Chemical composition can be controlled with a good precision; • Calcination step is not needed; • Simplicity of equipment is advantageous and cannot be neglected. Glycine nitrate process (GNP) was modified (MGNP) by partial substitution of nitrates for acetates. The combustion process proceeded very smoothly. Powders with perovskite type structure with cation dopants on A as well as on B sites, or both, were synthesized. Loss of powder during synthesis was negligible. The amount of 100 g of powder was produced per run. Very precise stroichiometry was obtained in accordance with tailored composition. Powders were very active, clean, single phase and nanometric in size. Sintering test for manganites showed that full density was achieved at lower sintering temperatures. Increasing Y concentration enhanced densification of manganites, and suppressed grain growth process during sintering. Electrical conductivity is highly accepted for SOFC components.
